We report on a high-average-power mid-infrared picosecond optical parametric oscillator (OPO) synchronously pumped by a Nd:YVO 4 mode-locked laser. By use of the MgO-doped periodically poled LiNbO 3 as the nonlinear crystal, up to 20.2-W picosecond laser at 2128 nm was generated from the degenerate OPO, with a conversion efficiency of 66%. To the best of our knowledge, this is the highest mid-infrared average output power from synchronously pumped OPO so far. The output picosecond laser had a pulse duration of 29 ps and a pulse energy of 196 nJ, with an M 2 beam quality factor of 1.5. In the nondegenerate state operation, the signal power of 12.8 W at 1966 nm and the idler power of 10.5 W at 2319 nm were obtained, with a conversion efficiency as high as 76%. The high-average-power mid-infrared picosecond OPO may lead to the application of medical surgery, microprocessing of materials, etc.
Introduction
Rapid progress on the mid-infrared ultrafast laser (2-20 m) has been driven by the potential demand for medical applications, gas sensing, breath analysis, trace gas detection, and spectroscopy because of the rotational-vibrational transition of many molecules in this spectral region [1] - [3] . In addition, the mid-infrared ultrafast laser is relevant for applications in mid-infrared supercontinuum generation, frequency down conversion, and material micro-processing of semiconductor, plastics, and composite materials [4] - [6] .
At present, mid-infrared ultrashort pulses have been generated based on Tm (2.0 m), Ho (2.1 m), Cr (2.5 m), or Er (2.9 m) doped solid-state and fiber mode-locked lasers [7] - [10] . However, they suffer from problems of low average output power, narrow wavelength tuning range, and unavailable long wavelength output ð> 3 mÞ. The synchronously pumped optical parametric oscillator (OPO) is a promising technique for generation of high-average-power, widely tunable mid-infrared ultrashort pulses. However, so far, mid-infrared average output power from synchronously pumped OPOs has been limited to the level of several watts [11] - [16] .
In this paper, we have experimentally demonstrated a high-average-power mid-infrared picosecond-pulse OPO. With MgO:PPLN as nonlinear crystal and high-power Nd:YVO 4 modelocked laser as pump source, the degenerate OPO emitted a maximum average output power of 20.2 W at 2.1 m wavelength, with a conversion efficiency as high as 66%. The generated mid-infrared pulses had a pulse duration of 29 ps and repetition rate of 103 MHz, with a beam quality factor of 1.5. When operating in non-degenerate state, the synchronously pumped OPO emitted an average output power of 12.8 W at 1966 nm (signal) and 10.5 W at 2319 nm (idler) under a pump power of 30.8 W, corresponding to a conversion efficiency of 76%.
Experimental Setup
The schematic of synchronously-pumped OPO is shown in Fig. 1 . A home-built large-modearea Nd:YVO 4 mode-locked laser was adopted as the pumping source of OPO, which delivered a maximum average power of 39 W with pulse duration of 37 ps and repetition rate of 103 MHz at 1064 nm. Since a large laser mode (∼1 mm) was adopted in the mode-locked Nd:YVO 4 laser, the output beam kept TEM 00 mode even at the maximum output power. In order to eliminate the detrimental feedback, an Faraday isolator (Conoptics, Model 714) was positioned at the exit of the Nd:YVO 4 mode-locked laser and its damage threshold is 150 MW/cm 2 , which is much larger than the incident peak intensity of 0.3 MW/cm 2 . The half-wave plate (HWP1) and polarizing beam splitter (PBS) co-worked as power attenuator and the second half-wave plate (HWP2) was used to alter the light polarization from horizontal to vertical direction. In the experiment, a 50-mm length MgO:PPLN crystal was chosen as nonlinear OPO crystal because there is no limitation of the interaction length by spatial walk-off of the interacting waves when quasi-phase matching. The MgO:PPLN crystal (HCP, Taiwan) had a thickness of 1 mm and width of 8.6 mm with seven parallel-arranged gratings with periods ranging from 28.5 m to 31.5 m. The MgO:
PPLN crystal temperature was controlled by an oven with an adjustable temperature range from room temperature to 200°C. The MgO:PPLN crystal was anti-reflectively coated for pump, signal, and idler wavelengths, with reflectivity of G 0:5% at 1064 nm, G 1% from 1800 nm to 2500 nm. The plane-concave mirror M1, M2 and plane mirror M3 were high-reflectively coated with reflectance of > 99:5%; from 1900 nm to 2200 nm. The output coupler was mounted on a translation stage with a transmission of 63%.
Results and Discussion
When the grating period of 31.5 m was used and the MgO:PPLN temperature was set to be 200°C, the OPO operated in degeneracy. In the experiment, through the doublet lens F1 (f ¼ 120 mm) the pump light was imaged into the MgO:PPLN crystal with a waist radius of 40 m.
Based on the ABCD propagation matrix, the calculated cavity mode radius in MgO:PPLN crystal was 80 m. Considering the wavelength effect on divergence, the pump and signal beam had the same divergence angle. In our case, the volume of cavity mode completely enclosed the pump beam in MgO:PPLN crystal and they had similar spot sizes at the ends of 50-mm-length MgO:PPLN crystal for pump and signal beam (see the inset of Fig. 2 ). The cavity mode was slightly larger than the pump beam in the nonlinear crystal, which has two advantages: on one hand, it can sustain TEM 00 mode operation of signal. On the other hand, the power density of signal is lower in the nonlinear crystal, which benefits to prevent back-conversion of OPO process in the saturation regime and achieve high OPO conversion efficiency. The output power characteristic of the synchronously-pumped OPO at degenerate operation is shown in Fig. 2 . The threshold pump power for OPO oscillation was 1.8 W, corresponding to a peak optical intensity of 9.4 MW/cm 2 . A maximum average output power of 20.2 W was obtained under a pump power of 30.8 W, corresponding to the conversion efficiency as high as 66%. At the pump power of 30.8 W, no damage occurred in the MgO:PPLN crystal. The higher average output power was only limited by the available pump power.
The intensity autocorrelation trace and spectrum of the signal pulses from the degenerate OPO are shown in Fig. 3 . The pulse duration was measured by a commercial autocorrelator (APE, pulseCheck USB MIR). Assuming a Gauss-profile pulse, the pulse duration was 29 ps. The corresponding signal pulse spectrum, recorded by a mid-infrared spectral analyzer (Ocean Optics, SIR5000), is centered at 2128 nm with 200-nm bandwidth. The broad spectral bandwidth can be attributed to the extra wide phase-matching bandwidth in the degeneracy. The output pulses have a large time-bandwidth product value (∼384), which implies low time coherence of the pulses.
The beam quality of signal pulses from the degenerate OPO at maximum output power was measured with the knife-edge method. We attenuated the high output power to 1 W with a 5%-coupler. Then the beam was focused by a doublet lens with a focal length of 75 mm. Along the beam propagation direction, we measured the spot diameter at different positions, as shown in Fig. 4 . According to the obtained beam diameters at different positions, the M 2 values were calculated to be ∼1.5 in both horizontal and vertical directions.
We monitored the stability of the OPO output power for half an hour, shown in Fig. 5 . Both the mode-locked Nd:YVO 4 laser and the OPO are exposed to the air. Compared with femtosecond pumping OPO, picosecond pumping OPO significantly reduced synchronization requirement between pump and signal and it was not sensitive to the environmental disturbance. The OPO output power was recorded every minute. In half an hour, the output power had a fluctuation of ±1.3%.
The wavelength tuning was performed by changing the MgO:PPLN crystal temperature at the fixed grating period of 31.5 m. At the temperatures of 200°C, 188°C, and 172°C, the signal and idler spectra were, respectively, presented in Fig. 6(a) -(c), and the corresponding average , with a conversion efficiency of 76%. Compared with doubly resonant OPO in degeneracy, the singly resonant OPO was even more efficient because of the lower intra-cavity optical intensity. The slightly low output power at 172°C [see Fig. 6 (c)] was due to an increasing loss resulting from mirror coating which reflectivity decreased to 97% near 1860 nm. It was noticed that for different tuning wavelengths, the output powers of signal and idler were always stable. It is noteworthy that due to phase conjugation of signal and idler in OPO, the high-power picosecond OPO system can be used for restoration of blurred images with high temporal resolution [17] , [18] . In addition, it can also be used for generation of far infrared and THz waves by intracavity difference frequency generation of signal and idler pulses [19] - [21] .
Conclusion
In conclusion, a high-average-power mid-infrared picosecond OPO was experimentally demonstrated. At the degenerate operation, the OPO delivered a maximum average output power of 20.2 W, with 29-ps pulse duration and 103-MHz repetition rate at the central wavelength of 2128 nm. To our best knowledge, this is the highest mid-infrared average output power from an ultrashort pulse OPO reported so far. In the non-degenerate operation, a signal power of 12.8 W (1966 nm) and an idler power of 10.5 W (2319 nm) were generated, with a conversion efficiency as high as 76%. This stable and high-power mid-infrared ultrafast OPO will be beneficial to the potential applications such as medical surgery, semiconductor material micro-processing, and so on.
